The mechanism of indirect exchange interaction leading to ferromagnetism in magnetically doped III-V semiconductors is considered theoretically. The mechanism is based on the interplay of two interactions: ͑i͒ hybridization of band states with shallow impurity ones, and ͑ii͒ direct exchange coupling between localized spins and the band states. The indirect exchange interaction between two Mn impurities occurs when the wave functions of shallow states associated with the Mn atoms overlap. The mechanism does not rely on degenerate carriers, and therefore can describe the ferromagnetic transition in both degenerate and nondegenerate semiconductors. Ferromagnetic critical temperature has been calculated within the percolation approach, and is in good agreement with available experimental data.
Recent progress in controlling spin-polarized electron transport in metallic magnetic structures, and successful applications of such systems in magnetoelectronics/spintronics devices 1 renewed interest in ferromagnetic semiconductors ͑FMS's͒. Experimental efforts are now focused on search of FMS's with good magnetic and transport properties, and with the ferromagnetic transition occurring close to or above the room temperature. 2, 3 Recently, ferromagnetic transition at about 110 K was observed in GaMnAs, 4, 5 and this observation stimulated further theoretical and experimental efforts aimed at understanding the origin and nature of the transition. [6] [7] [8] [9] It is commonly believed that Rudermann-Kittel-KasuyaYosida ͑RKKY͒ indirect exchange interaction via degenerate holes 10 is responsible for ferromagnetic phase transition in GaAs͑Mn͒. However, this mechanism does not explain the ferromagnetism at low or vanishing density of free carriers in GaMnAs. 4 So far, experimental measurements of T c in Mndoped III-V semiconductors cannot discriminate RKKY from other interaction mechanisms, because Mn doping increases both the carrier concentration and the density of magnetic atoms. Real experimental assessment of the RKKY interaction would be possible by simultaneous doping with both Mn-related and nonmagnetic acceptors. This would allow changing the carrier density at a constant concentration of magnetic atoms.
Inoue et al. 11 proposed a mechanism based on the coupling via resonant states created by Mn impurities close to the top of the valence band for one spin orientation ͑more specifically for minority spins͒. These resonant states are formed from the Mn d states due to the p-d hybridization. The mechanism may lead to ferromagnetism at low carrier concentration, also in the nonconducting phase. The importance of localized states near the edge of the valence band for ferromagnetism in diluted magnetic semiconductors has also been suggested by Berciu and co-workers. 12 Recently, another mechanism of exchange interaction between Mn impurities was proposed. 9 It was shown that excitations from valence to impurity bands can describe the ferromagnetic transition temperature T c in GaMnAs in the whole range of Mn content, without taking into account the RKKY interaction. The approach proposed in Ref. 9 treated the impurity band approximately as a regular band with a large effective mass, and the interaction constant was introduced in a phenomenological manner ͑it does not contain information on the real structure of the impurity band͒.
In this paper we start with a microscopic Hamiltonian that describes the Mn-bound shallow impurity states mixed with band states. The relevant model Hamiltonian can be written as follows:
where S i is the spin localized at the point R i , N is the number of host atoms in the lattice, is the vector of Pauli matrices, and k and i are the spinor operators corresponding to the band electrons with the energy spectrum k and to localized impurity states of energy i , respectively. The first term describes the system of noninteracting band electrons, whereas the second one corresponds to localized impurity states. The third term is the effective hybridization of the shallow and band states, which depends on the localized spin S i . Here, the factor g is the effective hybridization parameter that includes the effects of direct exchange coupling between the localized moments S i and the band states. The latter coupling is just the one that is responsible for the spin dependence of the hybridization of shallow and band states. In Eq. ͑1͒ we keep terms relevant to indirect coupling between two localized spins. Since the total spin of the localized magnetic moment (S i ), band electrons, and donor ͑or acceptor͒ states are conserved, the matrix elements that do not obey this condition can be eliminated. Hamiltonian ͑1͒ describes individual magnetic ions ͑im-purities͒ with the partly occupied d shells responsible for the localized spin S i . These magnetic ions also give rise to shallow states in the vicinity of the valence or conduction bands ͑acceptor or donor states͒, respectively. In GaMnAs, 4 the acceptor level associated with a Mn impurity is formed in the band gap a Ӎ110 meV above the valence band.
To have a nonzero exchange interaction between two localized spins, the spin polarization of a localized state, induced by one magnetic impurity, should be transmitted to the place where the second magnetic impurity is located. When two impurities, indexed by i and j, are not too far from each other, the wave functions of the acceptor states i and j overlap. Electron hopping between localized states takes then place, and this hopping is crucial for the proposed mechanism of indirect exchange coupling. Both electron hopping and mixing of shallow impurity states with the band ones determine the indirect exchange interaction that we are now going to calculate. The following calculations are carried out for the situation where the acceptor level is formed in the band gap above the valence band.
The electron hopping can be described by the Hamiltonian
where t i j denotes the hopping integral between the states i and j . The hopping integrals exponentially decay with the distance between magnetic impurities Rϭ͉R i ϪR j ͉ as t(R) ӍAe ϪR 0 , where ͉A͉Ӎ a and 0 ϭ(2m a )
1/2 /ប is the inverse radius of the shallow acceptor state.
The total Hamiltonian of the system under consideration may be written as HϭH eff ϩH hop . This is the basic Hamiltonian that includes all the necessary interactions to describe the spin-spin coupling. Below, we calculate the corresponding range function. Apart from this, we also calculate the critical temperature and compare it to the available experimental data. The exchange interaction between two spins S i and S j , can be calculated by the perturbation method using Eq. ͑2͒ and the third term in Eq. ͑1͒ as small perturbations. The relevant diagram for the coupling energy is shown in Fig. 1 , where the solid line represents the Green's function of band electrons, and the dashed lines correspond to the Green's functions of the s-type states localized at the points i and j. There is also another contribution that corresponds to the diagram in Fig. 1 with reversed orientation of the arrows. The analytical expression for the interaction energy ͑includ-ing contributions from both diagrams͒ has the form
where
Here, n is the density of host atoms, whereas G(;R i ,R j ) and G i () are the Green's functions of the band and localized electrons, respectively. We assume that the energy spectrum of band states is parabolic, k ϭϪប 2 k 2 /2m. The corresponding Green's function takes then the form
where is the chemical potential, ϭ(2m)
1/2 /ប, and ␦ is an infinitesimally small positive real number. The Green's function of the localized state is
To calculate the integral in Eq. ͑4͒, we consider the variable in the complex plane with a cut along the half axis (Ϫϱ,0). Let us assume 0ϽϽ a . This situation corresponds to a neutral acceptor a and the valence band filled at Tϭ0. Using Eqs. ͑4͒-͑6͒, we integrate using the path shown in Fig. 2 , where the thick line shows the cut in the complex plane related to ͱ. contributes to the integral. After calculating Eq. ͑4͒, we arrive at the following expression for the range function:
The indirect exchange coupling given by Eq. ͑7͒ is ferromagnetic in sign and, contrary to the RKKY coupling, does not rely on degenerate carriers; so it exists also in nondegenerate semiconductors at Tϭ0. Taking the approximate value of t i j ͓mentioned after Eq. ͑2͔͒, we obtain the range function in the form
Since the indirect exchange interaction, Eq. ͑8͒, is short ranged, the percolation picture of ferromagnetic transition is valid, and we can calculate T c as it was done in Ref. 9 . The numerical results are shown in Fig. 3 , where the critical temperature vs Mn content is presented. The calculations were done with the following parameters: gϭ0.21 eV and m ϭ0.6m 0 . Apart from this, the results shown in Fig. 3 were obtained on the assumption that the threshold for transitions from the valence band to impurity states decreases with the Mn content as: a (x)ϭ(0.11Ϫ1.5x) eV. This dependence takes into account the decrease in the threshold with increasing Mn content, and reflects the tendency of the impurity band to merge the valence band. The transition temperature depends on the Mn content-no matter whether holes exist or not-and appears to be close to the experimental values in the whole composition range. The nonmonotonic behavior of the transition temperature ͑decrease with increasing Mn content͒ reflects the maximum hopping integral when the radius of acceptor wave function is close to the average interspin distance.
If an acceptor level forms a resonance in the valence band, the mechanism presented here is valid as well, provided the Fermi energy lies between the level a and the top of the valence band. However, the RKKY interaction via degenerate holes also contributes now to the spin-spin interaction.
The proposed mechanism makes use of the ideas similar to those used previously in Ref. 9 . However, there is an essential difference. In Ref. 9, a well-defined conducting impurity band was assumed far from the mobility edge. The coupling we discuss here applies to the low-Mn-content limit, and requires hopping instead of extended electron states in the impurity band. Hopping inside the finite-size cluster gives the interaction between nearest spins in the cluster. There is no analytical interpolation for the electron wave function in the two limits on both sides of the MottAnderson transition.
It should be noted that other interaction mechanisms employing impurity states 12, 13 are supposed to work if the chemical potential is located very close to the impurity levels. In the limit of small impurity concentrations, this means that the chemical potential should be located exactly at a , which is very unlikely for semiconductors.
In conclusion, we proposed an impurity-related mechanism of the exchange interaction between magnetic atoms in III-V semiconductors. The mechanism takes into account the fact that the d-shell spin S i is attributed to the same magnetic atom as the shallow impurity state i . The main point of the mechanism is the spin-dependent hybridization of band and shallow acceptor states, which results from direct exchange interaction between band states and deep d states of Mn impurities. The information on the spin state of the impurity is transmitted from one impurity to the other, owing to the overlap of the wave functions of the shallow acceptor states. The interaction favors ferromagnetic ordering of the impurity spins, and the mechanism does not require degenerate carriers. The mechanism describes rather well the experimental data within the whole Mn concentration range, and can be considered as the one responsible for ferromagnetism in GaMnAs semimagnetic semiconductors. 
